Critical yarning conditions from vertically aligned carbon nanotubes (VACNTs) using a chemical vapor deposition have been investigated. VACNTs with a diameter of around 15 nm have been synthesized with a length up to 3.7 mm. The yarning was realized exclusively in a limited range of the CNT lengths of about 170-1500 µm. Although CNTs became long for longer growth times, some of the CNTs were plucked out from the bottom substrate during growth so that the CNT density decreased at later stages of growth, prohibiting continuous yarning by the suppression of interconnection between CNTs at the bottom part of VACNTs.
Introduction
Carbon nanotubes (CNTs) can be grown on substrates by either planar growth or by preferential vertical growth. The former method has been shown to result in randomly distributed or horizontally aligned forms for nanodevice applications, [1] [2] [3] [4] [5] whereas the latter has been used for field-emission tips and bio-mimicking gecko feet, and furthermore yarning templates. A variety of synthesis conditions have proven effective for preferential vertical growth. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] In particular, CNTs with a desired form of yarn are promising for future textile electronics. Several methods have been tried to produce CNT yarns. One is a solution-based approach by using fuming sulfuric acid. 22 Another is a direct spinning process from CVD chamber, 23 wet CNT cotton, 24 or vertically aligned multi-walled CNTs (MWCNTs). [10] [11] [12] [13] [14] [15] Among these processes, directly spun CNT fibers from Vertically aligned carbon nanotubes (VACNTs) give higher mechanical strength and Young's modulus. 25 This method also has benefits for various applications with excellent electrical conductivity, thermal conductivity, and mechanical strength as desired forms and it is easy to scale up and to control the diameter of fibers compared to other methods. 11, 12, [25] [26] [27] [28] [29] [30] [31] [32] However, applications have been hampered by the availability of the samples as spinning of the CNT yarn has only been realized under a few limited growth conditions. of VACNTs. It has been suggested that van der Waals interactions, bundle size, degree of alignment, purity, and length are the key factors for yarning. [10] [11] [12] [13] [14] [15] Yet, the underlying mechanism for successful yarning based on all these parameters is not clear. For instance, yarning depends critically on the CNT length, although the reason is not clear at this moment. 14 Therefore, a systematic study is required to clarify the critical conditions required to produce yarns from VACNTs. The purpose of this paper is to investigate yarning criteria associated with nanotube growth. Various growth conditions including catalyst preparation, preheat treatment, and growth time/CNT length have been tested. We found in this work that the yarning was strongly dependent on the VACNT length, although the CNT density was a priori condition for yarning. Here, this was confirmed by the fact that the CNT fiber was disconnected at the bottom of the CNTs and more importantly some CNTs were plucked out by the accumulated stress of adjacent CNTs in the bundle during growth and therefore the CNT density was significantly decreased in the case of long CNTs.
Experimental Methods
A thermally oxidized (300 nm) p-type Si wafer was used for the deposition of catalyst to synthesize VACNTs. Aluminum with a thickness of 7 nm and iron with a thickness of 1 nm were deposited by a thermal evaporator and an e-beam evaporator in series in the same chamber while vacuum conditions were maintained. Al was used as a buffer layer to prevent diffusion of Fe atoms into the SiO 2 region, which would suppress vertical growth of the CNT arrays. The film thicknesses were monitored by a quartz crystal monitoring system. The deposition rate were 1Å/s for Al and 0.3Å/s for Fe, which turned out to be critical factors in optimizing yarning criteria of VACNTs.
The Fe/Al catalyst on SiO 2 /Si substrate was loaded into an atmospheric pressure thermal chemical vapor deposition (APCVD) chamber. The temperature was then increased up to 750 • C over 10 min in the presence of an argon carrier gas. The annealing conditions with Ar or H 2 have been investigated. Ethylene (C 2 H 4 ), hydrogen (H 2 ), and argon (Ar) gases with corresponding flow rates of 110, 500, and 300 standard cubic centimeters per minute (sccm) were introduced to the chamber at 750 • C for a growth time up to 10 h.
The morphology of the synthesized nanotubes was analyzed by field-emission scanning electron microscopy (FESEM JSM7000F, JEOL) and field-emission transmission electron microscopy (FETEM JEM2100F, JEOL). To prepare for imaging, CNTs were removed from the Si substrate and dissolved in ethanol. The CNT solution was dropped in copper TEM grid. The quality of the CNTs and formation of defects were estimated by micro-Raman spectroscopy (Renishaw RM1000-Invia). The purity of the sample was measured by Thermogravimetric Analyzer (TGA Q500, TA INSTRUMENTS) by burning 5 mg of CNTs collected from the Si substrate in air with a ramping rate of 5 • C/min. Catalyst morphology with different gas annealing conditions was characterized using an atomic force microscope (AFM) operating in noncontact mode (AFM, Agilent 5500 AFM/SPM).
Results and Discussion
Figure 1(a) shows a SEM image of the synthesized VACNTs with a scale bar. The length of the grown VACNTs reached about 3.7 mm at a growth time of 7 h. They were closely packed and well aligned along the vertical direction, as can be seen in Fig. 1(a) . The synthesized CNTs were MWCNTs with a diameter of ∼ 15 nm. The FETEM image from the yarned CNTs shows well defined straight and bundled CNT walls with a negligible amount of amorphous carbon ( Fig. 1(b) ). Nevertheless, some defects exist on the CNT walls, which were confirmed from a series of high-resolution TEM images. This is consistent with Raman spectrum (Fig. 1(c) ) where the D-band was very strong. It is intriguing to see high G -band intensity which is comparable to G-band intensity, similar to that of the singlewalled CNTs. It is not clear whether this strong G -band intensity is related to the metallicity or crystallinity of the CNTs. 33 To make it clear, the samples were heat-treated in various temperatures (400-600 • C in air and 1700 • C in vacuum). The heat treatment at 400-600 • C in air did not change D band appreciably. This indicates that the amount of amorphous carbons on the CNT walls may be negligible. On the other hand, annealing at 1700 • C in vacuum reduced D/G ratio significantly, whereas G -band intensity increased, as shown in Figs. 1(d) and 1(e), i.e., defects were annealed away and thus the crystallinity of CNT walls was improved. This indicates that some amount of defects on the CNT walls do exist in the pristine samples.
The cleanness of the CNT walls was also confirmed by TGA in Fig. 1(f) where a sharp peak near 667 • C was observed in the derivative TGA. This confirms that the amount of amorphous carbons is not appreciable. The remaining content of metal or metal oxides was less than 1 wt%, which is within the error limit of the TGA. We believe that the remaining metal content is not zero as will be discussed later; however, at least the metal content is extremely small, far less than 1 wt%. This is in stark contrast with other approaches such as arc discharge and conventional powder CVD that contain relatively large quantity of metal particles, usually greater than 5 wt%. 34, 35 The length of VACNTs increased almost linearly up to 3.7 mm and saturated with further growth time, as shown in Fig. 1(g) . The shaded area indicates the region in which the formation of CNT yarns is possible. VACNTs shorter than 170 µm and longer than 1500 µm could not be made into yarn in our CVD conditions. Although the length dependence of VACNTs on the yarning ability has also been reported previously, the underlying mechanism has not been clarified yet. 14 To elucidate the underlying mechanism, VACNTs were synthesized as a function of growth time (Fig. 2) . At short time (10 min), the VACNTs were wavy and the CNT density was relatively low. 20 At a growth time of 1 h (Fig. 2(b) ), the CNT density was noticeably increased and the CNTs were more straight than those at 10 min. The morphologies with 10 min and 1 h growth time were rather independent of the height. On the other hand, at a growth time of 7 h, the bottom portions of the VACNTs were wavy, which is similar to a previous report. 21 The seven-hour sample showed more wavy behavior at the bottom of the sample, even more than that at 10 min, and more importantly, the CNT density was reduced; the top portion of the VACNTs, however, remained straight and had a density similar to that at 1 h. This observation can be coupled with the fact that the VACNTs from 10 min and 7 h could not be yarned while the one-hour VACNTs were yarned, as observed in Fig. 1(g) . (Fig. 3(b) ). The extracted nanotube bundles are well connected from end to end, forming a continuous yarn, as seen in Fig. 3(b) . It is noted that the top bridged area does not reveal entanglement of CNTs. This was also confirmed from the SEM image of the topmost CNTs, in contrast with the previous assertion that the CNTs at the top part must be cross-linked or entangled together in order to be yarned. 12, 13 In order to demonstrate how the yarning is terminated, we chose an intermediate three-hour sample, which is located near the upper bound of the region where yarning is possible. The CNT yarns realized only a few centimeters of fiber, as shown in Fig. 3(c) . However, the CNT yarn is terminated eventually as shown in the bottom panel. The optical image of VACNTs after the termination in Fig. 3(d) illustrates that the residue of CNT fibers are connected to the upper part (dotted circle) of the VACNTs, not to the bottom part (solid circle). This implies that the CNT fiber is easily broken at the bottom part of the VACNTs. This is attributed to the wavy CNTs, having relatively low density at the bottom part of VACNTs, which occurs at long growth times of >3 hours, similar to Fig. 2(d) . growth time, the upper part of CNTs is more tightly bundled, applying stronger stress among adjacent CNTs (evidenced by the wavy CNTs near the bottom part). Therefore, some of CNTs are plucked out to release the stress among the CNTs. More CNTs are plucked out at longer growth times, as shown in Fig. 4(c) . For instance, the number density of holes was 76/µm 2 for the one-hour growth time and this was increased to 192/µm 2 at threehour growth time. As a consequence, the density at the lower part of VACNTs at longer growth time was significantly reduced. Yarning is no longer possible in such a low density. The substrate, in which the CNTs were detached after one-hour growth, was reused for a second growth. The same CVD conditions as the first growth were applied for 1 h. In this case, the VACNT length was similar to that of the first run but the CNT density was significantly lowered compared to the first run, as shown in Fig. 4(d) ; yarning was not realized from this sample. This implies the fact that the number of catalysts is reduced by being taken out after the first CVD run. This indicates that the CNT density is a key factor for producing yarns of VACNTs.
Another interesting phenomenon was observed, when an additional Co layer (0.5 nm thick) was deposited on Fe layer by e-beam evaporator. Similar VACNTs were synthesized, as shown in Fig. 5(a) . However, some of VACNT bundles were protruded (Fig. 4) . This is ascribed to the faster growth rate in some local region due to the irregular distribution of catalysts associated with additional Co layer. This occurs when van der Waals forces around that local region become weaker than the adhesion forces between the substrate and CNTs. This assures indirectly our observations of the low CNT density in the bottom layer that will eventually terminate yarning. Another important parameter for yarning conditions is the pre-annealing condition. Two gases (Ar and H 2 ) were chosen to demonstrate the effect of annealing. The chosen gas was introduced into the CVD chamber at the same growth temperature prior to the flow of hydrocarbon gases. In both cases, i.e., 10 min and 1 h pre-annealing with Ar gas (Figs. 6(b) and 6(c) ), the VACNT density was increased and had a higher degree of alignment compared to those without pre-annealing. The VACNTs become wavier in the case of 10 min annealing with H 2 gas than that without annealing ( Fig. 6(d) ).
The effect of pre-annealing conditions on the catalyst morphology is shown in Figs. 6(e)-6(g). The average lateral size of the as-deposited catalysts is 50 nm. This size is reduced to 30 nm and the catalyst density is increased by 10 min with Ar annealing. With H 2 gas annealing, the height of the catalysts is enlarged to a maximum of 7 nm from 0.5 nm, and the catalyst is reduced as well. Ar gas annealing simply increases the catalyst density and therefore the CNT density, whereas H 2 gas annealing decreases catalyst density and therefore CNT density. Thus, the main role of pre-annealing with different gases is the modification of the catalyst morphology, which affects the growth of CNTs during growth. A similar phenomenon was also observed from a simple gas introduction during the temperature ramping stage. 15
Conclusion
We resolved some of the unclear issues for the underlying yarning mechanism from VACNTs prepared by the CVD process. Yarning was possible only at some intermediate range of the CNT length. At longer growth times, with CNT length exceeding 1500 µm, the bottom part of the VACNTs become sparse, and bundling cannot occur. Therefore, continuous spinning is suppressed and the CNT fiber is terminated at the bottom part of VACNTs. Furthermore, the pre-annealing step is also an important factor for making VACNTs for use in CNT yarns.
